In this paper, the effective atomic numbers (Zeff) and electron densities (Neff) representing interaction of gamma rays with oxides of lanthanides were studied. The effective atomic numbers for photon energyabsorption (ZPEAeff), photon interaction (ZPIeff), relative to air ZReff, the effective electron densities for photon energy-absorption (NPEAeff) and photon interaction (NPIeff) were calculated using the values of the mass attenuation and energy absorption coefficients. In the continuous energy region, agreements and disagreements were observed between photon interaction and photon energy-absorption for Zeffs and Neffs of compounds in different energy regions. In addition, absorption edge effects on Zeffs leading more than a single value of Zeff at a specific energy have been discussed for the given compounds. Comparisons with experiments wherever possible have been carried out for calculated values of Zeff and Neff.
Introduction
Radiation interaction with matter has become an important subject with the extensive use of X and/or gamma rays in various fields such as reactors, nuclear power plants, nuclear engineering and space technology, nuclear diagnostics, nuclear medicine, radiation dosimetry and radiation biophysics. Rapidly increasing use of radioactive materials in reactors, nuclear power plants, nuclear engineering leads to study of interaction parameters like attenuation coefficient, photon interaction cross-section, Zeff and Neff. Thus precise knowledge of these parameters should be known before their application (Kaewkhao et al. 2008; Kirdsiri et al. 2009; Demir and Han 2009) .
The pure metals of the lanthanides have little use. Whereas, the alloys or compounds of the metals can be very useful. For example, the alloys of Cerium have been used for metallurgical applications due to their strong reducing abilities. In addition, the lanthanides can be used for nuclear purposes; oxides of lanthanides can be used as diluents in nuclear fields, can also be used for structural-alloy-modifying components of reactors. Thus, increasing usage of the radiations, it should be determined radiation matter interaction parameters of compounds such as total mass attenuation coefficient, Zeff and Neff (Petrucci et al. 2007) .
The Zeffs and Neffs are employed in radiation studies, especially for the characterization of interaction processes in various multi-element materials. There are a lot studies in literature about Zeffs and Neffs for different materials, in different categories such as in different type of compounds (Shivaramu and V. Ramprasath 2000; Tengku Kamarul Bahr et al. 2014; Kurudirek 2014a Kurudirek , 2014b Gowda et al. 2004; Önder et al. 2012; Kurudirek and Kurudirek 2015) , in alloys (Kurudirek et al. 2010; Kaewkhao et al. 2008; İçelli et al. 2005; Murty 2004; ElKateb et al. 2000) , in glass and minerals (Kaewkhao and Limsuwan 2010; Manohara et al. 2009; Kirdsiri et al. 2009; Singh et al. 2002 Singh et al. , 2005 in biological materials (Manohara et al. 2008; Manohara and Hanagodimath 2007; Gowda et al. 2005) . However, studies about lanthanides on Zeff and Neff are very scarce (İçelli 2006; Singh et al. 2015) . This motivated us to carry out the present study. Niranjan et al. (2012) calculated Zeff and Neff (for total photon interaction) of these compounds using total and electronic cross-sections. But in the present work, the comparison between photon energy-absorption and photon interaction, and ZReff (relative to air) has been made in addition to the calculation of electron densities for photon interaction and photon energy absorption. In the present work, the effective atomic numbers for photon energy-absorption (ZPEAeff), for photon interaction (ZPIeff), the effective electron densities for photon energyabsorption (NPEAeff) and for photon interaction (NPIeff) of La2O3, Ce2O3, Pr2O3, Nd2O3, Sm2O3, Eu2O3, Gd2O3, Tb2O3, Dy2O3, Ho2O3, Er2O3, Tm2O3, Yb2O3 and Lu2O3 have been calculated by using direct method. Wherever possible the results were compared with the experimental results available in the literature.
Calculation
The total mass attenuation coefficients of elements present in the compounds were obtained from the WinXCom computer program (Gerward et. al. 2001 (Gerward et. al. , 2004 . The total mass attenuation coefficients ( ) ⁄ for any compound or composite of elements is given by mixture rule:
where, and ( ) ⁄ are the wight fraction and mass attenuation coefficient of ith constituent element, respectively (Jackson and Hawkes, 1981) . These coefficients were then used to calculate the Zeff of compounds for photon interaction with the help of the following practical formula (Manohara et al. 2008 ):
where fi is the fraction by mole of each constituent element provided ∑ = 1, Ai is the atomic weight (IUPAC 2007) , Zj is the atomic number and ( ⁄ ) is the mass attenuation coefficient. This formula is known as "Direct method". And ZReff is given Zeff/ Zair.
The effective atomic number, Zeff, is closely related to the electron density, Neff, which is expressed in number of electrons per unit mass. Also, the Neff is expressed by the following relation (Manohara et al. 2008 ):
where < > is the average atomic mass of the compound.
Results and Discussion
The variations of ZPEAeff, ZPIeff, ZReff, NPEAeff and NPIeff with photon energies are shown in Fig. 1 for all compounds. From the results, it can be clearly seen that the Zeff varies with energy. In the continuous energy range 1 keV-20 MeV, the variation of Zeff with energy is mainly dominated by different partial photon interaction processes namely photoelectric absorption, Compton scattering and pair production. It can be seen clearly from Fig. 1 that the variation of ZPEAeff and ZPIeff with energy is almost similar for all of compounds. In the energy region < 100 keV (the first region), Zeff and ZReff of compounds increase as energy increases. In this region photoelectric process dominates for Zeff, and maximum variation observed in Zeff due to variation of ( ⁄ ) and ⁄ , and since attenuation cross section proportional to Z 4-5 . The Zeff decreases rapidly with increasing energy in the energy region from 100 keV to 2 MeV where the importance of photoelectric absorption decreases and Compton scattering gradually becomes the main interaction process and Zeffs depend on Z (the second region). In the immediate aftermath, the Zeff increases with increasing energy as pair production gradually becomes the main interaction process to 20 MeV (the third region). So in the energy region 0.1 < < 20 MeV there is no energy region where Compton scattering is totally dominating as mentioned before Manohara et al. (2008) .
Generally, ( ⁄ ) and ⁄ take values close to each other, hence ZPEAeff and ZPIeff take almost same values in the first energy region. Therefore, either ZPEAeff or ZPIeff can be used in this energy region. While in the second region, ZPEAeff values are higher than the values of ZPIeff, in the third energy region the values of ZPIeff were found to be higher than the values of ZPEAeff.
One can see clearly from Fig. 1 , Zeff has several discontinuous jumps in the low-energy range because of absorption edge effects of high elements. The values of M5, M4, M3, M2, M1, L3, L2, L1 and K absorption edge energies are shown in Table 1 (the absorption edge of the low-Z element oxygen occurs at energies <1 keV and is therefore of no importance in the present work). These discontinuities make the concept of the Zeff somewhat problematic in the low-energy range.
The Neff values for the present compounds were calculated using < > and Zeff, and are given in Fig. 1 . It is seen from this figure that Neff varies with photon energy. Neff is closely related to Zeff and has the same qualitative energy dependence as Zeff. Thus, Neff values are proportional to Zeff values for the present compounds in the continuous energy range 1 keV -20 MeV.
There is no experimental data on ⁄ for comparison since it is not possible to measure ⁄ experimentally, unlike ( ⁄ ) which can be easily measured using the conventional gamma spectrometry system (Manohara et al. 2008 ). Thus, comparison was carried out for photon interaction only. The experimental results for Zeffs and Neffs (for photon interaction) of the given materials are given in Table 2 . Table 1 . K, L and M X-Ray absorption energies of lanthanides in keV. et al. 1999; Del Lama et al. 2015) . On the other hand, ratio method is based on proportional of the total atomic cross-section to total electronic cross-section of sample (Demir and Han 2009).
Conclusions
Below conclusions can be deduced from the present study: We have shown that Zeff and Neff for both photon energy-absorption and photon interaction are useful parameters for compounds at all energies greater than 1 keV.  In the second region, significant differences exist between ZPEAeff and ZPIeff, and it is preferable to use ZPEAeff or ZPIeff in the radiation dosimetry according to the purpose. Thus the results of the present work may be useful for applications of the compounds in the fields where radiation is used.
Highlights
(i) Effective atomic number and electron density of some lanthanide oxide compounds were calculated in continuous energy range using direct method.
(ii) The significant differences for Zeff and Neff were determined in different energy region.
